A B S T R A C T Hepatic cholesterol synthesis is controlled both by the size of the bile acid pool in the enterohepatic circulation and by the amount of cholesterol reaching the liver carried in chylomicron remnants. These studies were undertaken to examine how these two control mechanisms are interrelated. When the size of the pool was systematically varied, the logarithm of the rate of hepatic cholesterol synthesis varied in an inverse linear fashion with the size of the taurocholate pool between the limits of 0 and 60 mg of bile acid per 100 g of body weight. The slope of this relationship gave the fractional inhibition of cholesterol synthesis associated with expansion of the taurocholate pool and was critically dependent upon the amount of cholesterol available for absorption from the gastrointestinal tract. Furthermore, the degree of inhibition of cholesterol synthesis in the liver seen with taurocholate feeding was reduced by partially blocking cholesterol absorption with ,3-sitosterol even though the bile acid pool was still markedly expanded. In rats with diversion of the intestinal lymph from the blood, a fivefold expansion of the taurocholate pool resulted in only slight suppression of the rate of hepatic cholesterol synthesis, and even this inhibition was shown to be attributable to small amounts of cholesterol absorbed through collateral lymphatic vessels and (or) to a fasting effect. Similarly, the infusion of either taurocholate or a combination of taurocholate and taurochenate into rats with no biliary or dietary cholesterol available for absorption caused no suppression of hepatic cholesterol synthesis. Finally, the effect of changes in the rate of bile acid synthesis on hepatic cholesterol synthesis
A B S T R A C T Hepatic cholesterol synthesis is controlled both by the size of the bile acid pool in the enterohepatic circulation and by the amount of cholesterol reaching the liver carried in chylomicron remnants. These studies were undertaken to examine how these two control mechanisms are interrelated. When the size of the pool was systematically varied, the logarithm of the rate of hepatic cholesterol synthesis varied in an inverse linear fashion with the size of the taurocholate pool between the limits of 0 and 60 mg of bile acid per 100 g of body weight. The slope of this relationship gave the fractional inhibition of cholesterol synthesis associated with expansion of the taurocholate pool and was critically dependent upon the amount of cholesterol available for absorption from the gastrointestinal tract. Furthermore, the degree of inhibition of cholesterol synthesis in the liver seen with taurocholate feeding was reduced by partially blocking cholesterol absorption with ,3-sitosterol even though the bile acid pool was still markedly expanded. In rats with diversion of the intestinal lymph from the blood, a fivefold expansion of the taurocholate pool resulted in only slight suppression of the rate of hepatic cholesterol synthesis, and even this inhibition was shown to be attributable to small amounts of cholesterol absorbed through collateral lymphatic vessels and (or) to a fasting effect. Similarly, the infusion of either taurocholate or a combination of taurocholate and taurochenate into rats with no biliary or dietary cholesterol available for absorption caused no suppression of hepatic cholesterol synthesis. Finally, the effect of changes in the rate of bile acid synthesis on hepatic cholesterol synthesis INTRODUCTION It is known that all tissues are capable of at least some degree of de novo cholesterol synthesis. In addition, recent studies also have shown that many of these tissues have specialized membrane transport systems capable of taking up cholesterol carried in particular lipoprotein fractions from the surrounding medium. For example, tissues like lung, skin, kidney, and lymphocytes probably have a mechanism for membrane translocation of low density lipoproteins (1, 2) that is similar to or identical with that which has been described in the fibroblast in tissue culture (3) . Certain endocrine glands such as adrenal gland and ovary also possess membrane mechanisms for rapid cellular uptake of high density lipoproteins (1, 4, 5) . Thus, in general, most tissues have two potential sources for cholesterol to meet their respective metabolic needs. However, in the presence of adequate levels of circulating high and low density lipoproteins, many of these tissues apparently will preferentially utilize the lipoprotein source of cholesterol and will suppress intracellular cholesterol synthesis. This type of reciprocal control readily explains why in animals, such as the rat and monkey, and in man, insofar as data are available, rates of cholesterol synthesis in most tissues are very low (6) (7) (8) (9) . The two major exceptions to this generalization are the liver and small bowel which, under the condition of a low intake of dietary sterols, synthesize cholesterol at high rates despite the fact that they are constantly perfused with relatively high levels ofboth high and low density lipoproteins (8) (9) (10) (11) (12) . These two organs also are the sites of synthesis of the major classes of lipoproteins and, further, have been shown to be the major, if not the sole, sources for circulating serum cholesterol in intact animals and, presumably, in man (13) (14) (15) (16) (17) .
Regulation ofthe rate ofhepatic cholesterol synthesis is complex and is known to be influenced by many variables such as total caloric intake, stress, and even diurnal light cycling (18, 19) . The two major regulatory mechanisms, however, of greatest physiological importance both have to do with maintenance of net sterol balance in the body; these include the two mechanisms responsible for adjustment ofthe rate of hepatic cholesterol synthesis to (a) the amount of cholesterol entering the body through the gastrointestinal tract and (b) the amount of sterol lost from the body as bile acids. There is little doubt that manipulation of either the amount of cholesterol in the diet or the size of the bile acid pool profoundly affects the rate of hepatic cholesterol synthesis (8, 9, [18] [19] [20] [21] [22] . There is considerable controversy, however, as to the exact mechanism(s) of how each of these effects is articulated. In earlier work we found no evidence that bile acids have a direct regulatory effect upon the rate-limiting enzyme, 8-hydroxy-,B-methylglutaryl-CoA reductase (HMG CoA reductase),' in the cholesterol bio-synthetic pathway and suggested that the principal effect of bile acid was to modulate the amount of cholesterol absorbed from the gastrointestinal tract (23) . Subsequent work, however, has demonstrated that cholesterol synthesis in the liver is suppressed by bile acid feeding under circumstances where cholesterol absorption is partially, or perhaps completely, blocked by the administration of 8-sitosterol (20) or by intestinal lymphatic diversion (24) . Alternatively, hepatic cholesterol synthesis has been found to be enhanced after resection of the terminal ileum under circumstances where cholesterol absorption apparently is unchanged (25) . These latter three studies again have raised the important possibility that bile acids may have a direct regulatory effect upon HMG CoA reductase within the liver cell.
The present detailed examination of this problem was undertaken because of the inherent importance of the identification of effectors of HMG CoA reductase in the liver and because of the current use of long term bile acid administration in man to alter biliary 'Abbreviation used in this paper: HMG CoA reductase, fS-hydroxy-,3-methylglutaryl-CoA reductase.
cholesterol physiology (26, 27) . If bile acids prove to be a specific inhibitor of HMG CoA reductase, then these substances might be useful in manipulating the rates of cholesterol synthesis and hepatic secretion of cholesterol into bile. Altematively, if the effect of bile acids in mediated only through the mechanism of increased intestinal absorption, then prolonged administration of bile acid may prove detrimental to overall sterol balance in man.
METHODS
Animal preparations. The animals utilized in these studies were female, Sprague-Dawley-derived rats (Charles River Breeding Laboratories, Inc., Wilmington, Del.) purchased in the weight range of 150-170 g. Upon receipt, all animals were placed in an isolated animal room with automatic light cycling for 2-3 wk before use; the light phase began at 3 P.M. whereas the dark phase began at 3 A.M. During this time the animals were kept in individual metabolic cages and were fed 18 g of ground rat chow (Ralston Purina Co., St. Louis, Mo.) at 9 A.M. each day. In different experiments, as specifically outlined in the legends to the figures and tables, groups of animals received ground chow to which was added taurocholate, cholesterol, cholestyramine, or 8-sitosterol in varying amounts. In one experiment ileal resection was performed as previously described (28) , and the animals were then maintained in the light cycling room for 3 mo before use. In some experiments animals were operated upon and fitted with gastric and biliary or intestinal lymphatic cannulae (23) . This type of animal preparation was fed a semisynthetic diet of casein and dextrin through the indwelling gastric cannulae at a rate of 1.0 ml/h throughout the 48-h period of experimental observation; in some studies taurocholate or taurochenate was also dissolved in this diet (23) . Thus, a number of different animal manipulations were utilized in these studies to explore specific points. However, in all studies the following precautions were observed: (a) all animals were subjected to light cycling for 2-3 wk before use and were killed at a specific time in the light cycle; (b) all experimental groups and their appropriate controls were fed isocaloric intakes of food and were subjected to the same experimental stress (19) .
Chylomicron preparation and administration. In one set of studies (Fig. 5 and (29, 30) .
Incubation and assay procedures. Except for a few studies where the experiments were terminated at the mid-light point (9 P.M.), all rats were killed by decapitation at the mid-dark point (9 A.M.) of the light cycle. Liver slices were prepared and incubated in Krebs bicarbonate buffer containing 1 mM [1-_4C]octanoate as described in detail elsewhere (29) (30) (31) . The incorporation of this substrate into digitonin precipitable sterols, CO,, and ketones was measured and, after correction for the specific activity of the intracellular acetyl CoA pool, these data were used to calculate the micromoles and nanomoles, respectively, of acetyl CoA units, i.e., C2 units, incorporated into CO2 and cholesterol per hour per gram wet weight of liver (31) . Aliquots also were taken for determination of the total, free, and esterified cholesterol content of the liver; these data are expressed as the milligrams sterol per gram wet weight of liver (28) (29) (30) . The pool of taurocholate present in each animal was measured by removing the entire small intestine. The intestine and its contents were cut into small pieces into ethanol containing a known quantity of radiolabeled taurocholate. The mixture was refluxed with vigorous mixing, and the taurocholate was isolated from the ethanolic supernate by repeated thin-layer chromatography in two different solvent systems. The specific activity of the bile acid was then determined, and the size of the taurocholate pool in the intestine was calculated on the basis of isotope dilution as previously described (28, 32) . These synthesis in the animals killed at both the mid-light and mid-dark points of the cycle, although a diurnal rhythm in sterol synthesis was still evident. Because the rates of synthesis were higher and the degree of inhibition was greater in rats killed at the mid-dark point, most subsequent studies were undertaken during this period of the light cycle. When the daily intake of taurocholate was fixed at a constant value there was a time-dependent change in several parameters of hepatic metabolism as shown in Fig. 1 . In animals fed taurocholate over a 10-day period, the intestinal taurocholate pool progressively expanded from -15 to 45 mgl100 g (panel A), and the cholesterol content of the liver increased from 1.9 to nearly 2.9 mg/g. This increase was completely accounted for by an increase in the cholesterol ester content of the liver from 0.2 to 1.3 mg/g (panel C). Coincidental with these changes the rate of hepatic cholesterol synthesis decreased markedly from 3 (panel B) . Although these studies demonstrated a cumulative effect with respect to time when a constant amount of bile acid was fed, it was evident that most ofthe suppressive effect of taurocholate feeding was present within 48 h. Because of this finding and because a number of complex, surgically prepared animal preparations could be most conveniently studied over a 2-day period, the time interval for most subsequent experiments was fixed at 48 h.
Studies were next undertaken to examine the relationship between the magnitude of the metabolic effects and the amount of taurocholate fed over a 2-day interval. The results of these studies are shown in Fig.  2 where, it should be emphasized, the various parameters have been plotted against the size of the intestinal taurocholate pool found in each experimental group rather than against the amount of bile acid fed. In this manner it is possible to relate directly a given change in some aspect of hepatic metabolism to a given incremental increase in the size of the intestinal bile acid In the latter study it was tacitly assumed that the size of the intestinal bile acid pool was reflected by the amount of bile acid passing through the liver during its enterohepatic circulation. To demonstrate this directly, however, groups of four animals each were fed varying amounts ofbile acid as described in the legend to Fig. 2 , and after 48 h the common bile duct of each animal was cannulated, bile was collected for 1.0 h, and hepatic secretory rates for taurocholate were determined. In these animals whose mean weight was 210 g, the secretory rates varied from 7.2+0.5 mg/h in animals with an intestinal taurocholate pool of 16 .0 mg/ 100 g to 17. 7+1.2 mg/h in animals fed taurocholate to expand the pool to 45 mg/100 g. From these secretory values it can be calculated that the number of cycles of the taurocholate pool was relatively constant and in the range of 4.5-5.1 per 24 h, a finding which substantiates the assumption that changes in the intestinal taurocholate pool were associated with similar changes in the amount oftaurocholate passing through the liver. Thus, on the basis of these findings, it is apparent that the relationship between the size of the taurocholate pool and the rate of hepatic cholesterol synthesis shown in Fig. 2 could be attributable (a) to the effect of bile acid within the intestinal lumen, e.g., on cholesterol uptake into the mucosal cell, (b) to an effect on some event within the intestinal mucosal cell, e.g., on chylomicron formation, or (c) to an effect within the liver cell itself, e.g., direct inhibition of HMG CoA reductase.
The fourth experiment in this initial group of studies was designed to compare the effects of feeding equimolar amounts of taurocholate and cholesterol over a 48-h interval and to derive the mathematical relationships between the amount of sterol fed and their effect on cholesterol synthesis and cholesterol ester accumulation in the liver. As seen in panel A of Fig. 3 feeding 0-1,200,umol oftaurocholate resulted in an increase in hepatic cholesterol esters of 0.0004 mg/g for each micromole of bile acid administered while the incremental increase in esters was nearly ninefold higher (0.0035 mg/g per micromole fed) when equal amounts of cholesterol were fed (panel D). Although both taurocholate and cholesterol feeding inhibited hepatic cholesterol synthesis the fractional inhibition per micromole of sterol administered was 2.6-fold greater for cholesterol (-0.0037, panel E) than for bile acid (-0.0014, panel B). However, inasmuch as with cholesterol feeding the increase in cholesterol esters was out of proportion to the degree of inhibition of synthesis, the fractional inhibition of hepatic cholesterogenesis expressed per milligrams per gram of cholesterol esters present in the liver was threefold higher after taurocholate feeding (-3.04, panel C) than after cholesterol feeding (-1.04, panel F).
The relationship between the inhibitory capacity of bile acid and the availability of cholesterolfor absorption from the gastrointestinal tract. The second major group of studies was designed specifically to localize the site of action of bile acid in suppressing hepatic cholesterol synthesis to either the liver or the intestine. The initial experiment, the results of which are shown in Fig. 4 and Table II, demonstrates the relationship between the amount of cholesterol potentially available for absorption and the degree of inhibition produced by a given incremental increase in the size ofthe taurocholate pool. In this study four different groups of animals were utilized, each of which had varying amounts of cholesterol introduced into the gastrointestinal tract; groups A, B, and C were fed diets containing 90,24, and 0 mg ofcholesterol, respectively, during the 48-h experimental period while an additional 7 mg of cholesterol was assumed to enter the gastrointestinal tract in the bile2 (column 1, Table II ). Inasmuch as all cholesterol enters the body through the intestinal lymph, the cholesterol available for absorption is given as zero in the animals in group D which had intestinal lymphatic diversion. The question mark in Table II notes Fig. 4 Fig. 4 . The data in Column 1 give the amount of cholesterol available in each experiment for intestinal absorption: the first number shows the amount actually fed in each type of diet; the number in parenthesis represents the amount of cholesterol presumed to enter the intestine in the bile. The values given in columns 2, 3, and 4 were obtained in the animals not receiving exogenous taurocholate. The data in column 5 give the fractional inhibition constants for the rate of cholesterol synthesis while those in column 6 show the incremental increases in hepatic cholesterol esters associated with an increase in the taurocholate pool by 1 mg per 100 g rat. * Values that differ from the control values (group B) at the P c 0.05 level. (24) . To obtain more definitive data in this critical group of animals, 24 more rats were prepared with intestinal lymphatic cannulae, and half of these were infused with taurocholate. As seen in coltumn 5 of Table IV , diversion of the intestinal lymph enhanced C2 flux into cholesterol threefold, from 534 to 1628 nmol per g/h. Infusion of taurocholate into animals with lymphatic diversion (group C) increased the taurocholate pool nearly fivefold, from 10.5 to 48.1 mg/100 g, but suppressed cholesterol synthesis only 32%, from 1,628 to 1,105 nmol per g/h. Although suich a result might suggest a minor direct inhibitory effect of bile acid within the liver, two other observations were made in this study that make even this conclusion unlikely. First, at surgery it was apparent that small collateral lymphatic vessels were always present beside the main intestinal lymphatic duct so that it was likely that even this small amount of inhibition could be accounted for by small amounts of cholesterol reaching the liver from the intestine. From the quantitative relationship shown in panel C of Fig. 3 between the degree of inhibition of cholesterol synthesis and the level of hepatic cholesterol esters achieved with taurocholate feeding, it can be calculated that the observed 32% inhibition of cholesterol synthesis could be accounted for by the absorption of a small amount of cholesterol that increased the cholesterol ester content of the liver by only 0.13 mglg. It is important, therefore, that the taurocholate-infused animals manifested an increase in the cholesterol ester content of the liver of this order of magnitude (column 2). Furthermore, when trace quantities of radiolabeled cholesterol were introduced into the stomach of these animals, irregular amounts varying from 1% to 12% of the administered dose could be recovered in the liver 12 h later. Second, it was found that the volume of lymph flow was significantly higher in the animals receiving taurocholate than in those which did not and, further, this lymph contained -45% more protein and 67% more lipid than the lymph from the group of animals with the normal taurocholate pool. Thus, even though both groups were receiving the fat-free semisynthetic diet, it was apparent that the animals receiving taurocholate were not in caloric balance with the animals not receiving bile acid (group B) . That this former group was partially fasted is supported by the observation that hepatic ketone synthesis, a sensitive indicator of caloric deprivation, was significantly elevated in the taurocholate infused animals (column 3). Thus, because of the presence of lymphatic collaterals and because of the possibility of a relative fasting effect, even the slight degree of inhibition seen in studies such as these cannot be taken as evidence for a direct suppressive effect of bile acids on heating cholesterol synthesis.
This conclusion was further supported by one final set of studies in this group where bile acid was removed from, rather than added to, the enterohepatic circulation. As seen in Table V in animals receiving a cholesterol-free diet, the diversion of both bile acid and biliary cholesterol from the gastrointestinal tract resulted in a 2.6-fold increase in the rate of cholesterol synthesis All animals in this study were subjected to light cycling for 2 wk and were then operated upon and fitted with indwelling gastric cannulae. In addition, the animals in groups B, C, and D also had an indwelling biliary cannula. All groups were administered the semisynthetic diet at a rate of 1.0 ml/h for 48 h. This diet also contained taurocholate (20 mg/ml) in group C and taurocholate (15 mg/ml) and taurochenate (5 mg/ml) in group D. After 48 h the animals wvere killed, and the size of the bile acid pool and rates of cholesterol synthesis were measured. Each point represents the mean+1 SEM for determinations in five animals in each group. * Values in groups C and D that differ from those in group B at the P c 0.05 level.
to interrupt partially the enterohepatic circulation of bile acids, were administered intravenously a bolus of chylomicrons containing varying amounts of cholesterol 12 h before the time the animals were killed. Rates of cholesterol synthesis and levels of hepatic cholesterol esters were then assayed. As seen in panel A of Fig. 5 , the uptake of chylomicron cholesterol, as manifest by the level of hepatic cholesterol esters, was essentially the same in the two groups and equaled 0.090 and 0.114 mg/g for each milligram of chylomicron cholesterol administered to the control and cholestyramine treated rats, respectively. While the rates of hepatic cholesterol synthesis were displaced upward in the cholestyramine-treated animals, as seen in panel B, the fractional inhibition constants for cholesterol synthesis were similar in the two groups equaling -0.074 and -0.067 in the control and treated rats, respectively. When the rates of synthesis were plotted against the cholesterol ester level the two regression curves diverged slightly, as seen in panel C, indicating that the fractional inhibition constant was slightly lower in the cholestyramine-treated animals (-0.51) than in the control group (-0.64). Using this same protocol a series of similar investigations were undertaken in which the size of the bile acid pool was either increased or decreased over a variable period of time. As summarized in Table VI, in addition to cholestyramine feeding for 7 days (group B), more complete interruption of the enterohepatic circulation was accomplished by either biliary diversion for 48 h (group A) or by total ileal resection for 3 mo (group C). These manipulations all resulted in a threefold increase in hepatic cholesterol synthesis in animals receiving no lipoproteins intravenously (column 2). The increase in the cholesterol ester content of the liver (column 3) and the fractional inhibition constants HEPATIC CHOLESTEROL ESTERS (mg/g) FIGURE 5 The relationship of the level of hepatic cholesterol esters and the rate of hepatic cholesterol synthesis to the amount of chylomicron cholesterol injected into control and cholestyramine-fed rats. All animals in this study were subjected to light-cycling for 3 wk. During the last week of cycling each animal was fed 18 g of ground rat chow daily; half of the animals received chow to which 1 g of cholestyramine resin was added per 100 g of diet.
At the end of this time each animal was injected intravenously with varying amounts of chylomicrons (CM) during the mid-light phase of the light cycle and was then killed 12 h later at the mid-dark phase. (38, 39) or when bile acid synthesis is increased by interruption of the enterohepatic circulation (1, 19, 23, 40, 41) , de novo cholesterol synthesis increases to meet the new demand(s). After the addition of cholesterol to the diet there is a marked increase in the entry of cholesterol from the intestine into the body carried in chylomicrons; these lipoproteins are partially metabolized by the action of lipoprotein lipase (42) (43) (44) , and the resulting remnants are rapidly taken up into the liver by a high velocity, saturable transport system located on the sinusoidal membrane of the liver cell (34, 35) . The rate of entry of these remnants is usually much higher than the rate at which the cholesterol can be disposed of so that much of the cholesterol that enters the cell is temporarily stored as cholesterol esters, and there is a reciprocal suppression of de novo cholesterol synthesis (29, 30, 36) . In this circumstance cholesterol absorbed from the intestine, rather than newly synthesized cholesterol, must become the major substrate for the sterol needs of the cell. The data presented in the present studies are consistent with this model and provide the basis for six major conclusions concerning the interrelationships between the flow of bile acid and cholesterol through the intestine and liver and their respective functions in the regulation of hepatic cholesterol synthesis. First, it is well established that bile acids have an obligatory role in promoting the movement of cholesterol from the intestinal lumen into the intestinal lymph (45) . These amphipaths, for example, are necessary for the emulsification and digestion of dietary cholesterol esters (46) , for the movement of cholesterol across the intestinal unstirred water layers (47) , and for the synthesis and (or) movement of chylomicrons into the intestinal lymph (48) . Thus, under circumstances where the amount of cholesterol in the intestinal lumen is kept constant, the amount absorbed depends critically on the functional size of the bile acid pool.
Second, cholesterol movement into the liver cell, however, appears to be independent of the rate of bile acid flow into the hepatocyte. In studies performed in vivo in the rat, for example, the rate of uptake of chylomicron cholesterol and its deposition in the cholesterol ester pool of the liver is essentially constant under circumstances where the movement of bile acid through the cell is varied markedly by biliary diversion, 3 Sherrill, B. C. Unpublished observations. cholestyramine feeding, or obstruction of the common bile duct (36) . Similar findings are seen in the present study where the level of cholesterol esters achieved 12 h after the administration ofchylomicrons is the same in control rats and animals with manipulation of the enterohepatic circulation of bile acid (Table VI) . Further direct support for this conclusion comes from recent studies in the isolated perfused liver where it has been shown that chylomicron remnants are taken up intact by a saturable transport system the velocity of which is independent of the integrity of the enterohepatic circulation ofbile acids (35) .3 Thus, in contrast to the situation in the intestine, the rate of movement of cholesterol into the liver cell (carried in the chylomicron remnant) is independent of the rate of flow of bile acid through the hepatocyte.
Third, the present studies provide unequivocal evidence that most of the suppressive effect of bile acid feeding on the rate of hepatic cholesterol synthesis is mediated through enhanced absorption of cholesterol present in the intestinal lumen. This is best seen in those experiments shown in Fig. 4 where the degree of inhibition of hepatic cholesterol synthesis and the level of hepatic cholesterol esters produced by expansion of the bile acid pool is directly related to the amount of cholesterol available in the intestine for potential absorption. Furthermore, partially blocking cholesterol movement from the intestine to the liver either by feeding B-sitosterol (Table III) or by diverting the intestinal lymphatic outflow (Table II) (53) . Thus, taken together, these various observations provide strong support for our original contention that bile acids are not direct effectors of HMG CoA reductase within the liver cell (23) .
Fifth, other evidence presented in these studies, however, demonstrates that bile acids do have an intrahepatic effect that indirectly alters the rate of hepatic cholesterol synthesis. This effect derives from the fact that the size of the bile acid pool alters the amount of cholesterol that is converted to bile acid and so is ultimately removed from the liver. Under circumstances where there is accelerated bile acid synthesis, e.g., with biliary diversion, the entrance of a given amount of cholesterol into the cell results in a fractional decrease in hepatic cholesterol synthesis of only about 0.36 per milligrams per gram rise in cholesterol esters, whereas, when bile acid synthesis is suppressed by bile acid feeding, the entrance of an identical amount of chylomicrori cholesterol has a nearly threefold greater inhibitory capacity (Table IV) . This same phenomenon is seen when the inhibition produced by bile acid feeding is compared to that produced by cholesterol feeding (Fig. 3) ; again the fractional inhibition is much greater per milligram per gram rise in hepatic cholesterol esters with bile acid feeding (-3.04) , where bile acid synthesis is suppressed, than with cholesterol feeding (-1.04), where bile acid synthesis is either unchanged or actually increased (54) . These various studies suggest that variation in the outflow of cholesterol from the hepatocyte as substrate for bile acid synthesis can alter the rate of hepatic cholesterol synthesis under circumstances where the entry of cholesterol into the cell is kept constant. Thus, bile acids have an intrahepatic effect in altering the rate of cholesterol synthesis to the extent that changes in the size of the bile acid pool alter the rate of bile acid production; this effect is in addition to the profound influence of the size of the bile acid pool in regulating the amount of cholesterol absorbed from the gastrointestinal tract and delivered to the liver in chylomicrons.
Finally, there is one other pathway in which cholesterol movement is coupled to bile acid transport. In a number of species it has been shown that the secretion of cholesterol into the bile is coupled in some manner to the rate of bile acid secretion (55, 56) . Although the mechanism responsible for this association is not well understood, it is apparent that this is yet another pathway where changes in the bile acid pool can alter the rate of net removal of cholesterol from the liver cell. In summary, the various specific mechanisms of interaction between bile acid and cholesterol in regulating cholesterol synthesis in the liver identified in this study readily account for many of the changes in sterol balance in different animal species and in man that occur with manipulations of the enterohepatic circulation. Bile acid feeding suppresses hepatic cholesterol synthesis to the extent necessary to compensate for both the decreased outflow of sterol to bile acids and the increased inflow of cholesterol to the liver from the intestine. If this compensatory suppression is adequate to offset the changes in cholesterol flow through the liver, then the serum cholesterol level and the body cholesterol pools remain unchanged (57, 58) . If the increase in absorption is greater than can be compensated for by suppression of hepatic cholesterol synthesis, then serum cholesterol levels increase and body pools presumably expand. Conversely, after partial interruption of the enterohepatic circulation there is increased loss of cholesterol from the liver as substrate for bile acid production. However, if the increase in synthesis of bile acid fully compensates for the increased loss of acidic sterols in the feces, then there is enhanced hepatic cholesterol synthesis without a demonstrable alteration in the rate of cholesterol absorption. This situation has been reported in the baboon subjected to partial ileal resection (25) . More commonly, however, cholestyramine feeding or ileal resection results in a much greater interruption ofthe enterohepatic circulation leading both to a decrease in the rate of cholesterol absorption and to accelerated loss of sterol from the liver during the synthesis of bile acids. This combined effect probably accounts for the marked increase in hepatic cholesterol synthesis seen in studies such as those illustrated by the data in Fig. 5 and in Table VI and in similar studies reported in man (59) . Finally, it is of interest that, in patients with homozygous familial hypercholesterolemia, interruption of the enterohepatic circulation by cholestyramine feeding, ileal resection, or external biliary diversion is associated with the same marked compensatory increase in endogenous cholesterol synthesis as is seen in animals or in normal man (59) (60) (61) (62) (63) (64) and suggests that the chylomicron-bile acid regulatory mechanisms described in this paper are intact and operative in these subjects who are known to have a defect in the regulation of cholesterol synthesis in peripheral tissues by circulating low density lipoproteins (65, 66) .
